Childhood obesity is a growing and alarming problem, associated with several short-term and long-term metabolic and cardiovascular complications. In addition, it has also been suggested that excess adiposity during childhood influences growth and pubertal development. Several studies have shown that during pre-pubertal years, obese patients present higher growth velocity and that this pre-pubertal advantage tends to gradually decrease during puberty, leading to similar final heights between obese and non-obese children. Excess body weight might also influence pubertal onset, leading to earlier timing of puberty in girls. In addition, obese girls are at increased risk of hyperandrogenism and polycystic ovary syndrome. In boys, a clear evidence does not exist: some studies suggesting an earlier puberty associated with the obesity status, whereas other have found a delayed pubertal onset. Overall, the existing evidence of an association between obesity and modification of growth and pubertal patterns underlines a further reason for fighting the epidemics of childhood obesity.
Introduction
Childhood obesity represents a growing and alarming problem as a result of the worldwide dramatic increase in its prevalence during the last decades. 1 The World Health Organization defines childhood obesity as one of the most serious public health challenges of the 21 st century, due to its increasing prevalence at an alarming rate. In the USA 18.0% of children between 6 and 11 years and 18.4% of adolescents has a body mass index (BMI) in the range of obesity. 1 Similar trends have been observed in many European countries, where, based on the latest International Task Force criteria, overweight and obesity are present in 31.8% of school-aged children. 2 Obesity has been associated with several short-term and long-term metabolic and cardiovascular complications, including impaired glucose metabolism, hypertension, dyslipidemia, fatty-liver disease and systemic lowgrade inflammation. 2 Many of these complications are silent and often go undiagnosed during early stages. However they significantly influence short-term and long-term morbidity. In addition to the increased cardio-metabolic risk, there is also evidence suggesting that childhood obesity can affect growth patterns and pubertal development. [3] [4] [5] The aim of this review is to give an overview on the effect of childhood obesity on physical growth and pubertal development.
Growth patterns in obese children
Growth during childhood and adolescence is controlled by many factors including genes and hormones, with a main role of the growth hormone (GH)-insulin like growth factor-1 (IGF-1) axis, thyroid hormones and sex steroids. 6, 7 Several lines of evidence also support a major role of nutritional status in influencing childhood growth, as clearly evidenced by the association between short stature and malnutrition, 8 as well as between overnutrition and tall stature. 9 A number of studies have shown that, during pre-pubertal years, obese children present higher growth velocity and accelerated bone age compared to lean subjects. 10, 11 However, this pre-pubertal advantage in growth tends to gradually decrease during puberty, when obese children often show a reduced growth spurt compared to lean subjects. This latter effect, together with early pubertal maturation in obese children, determines similar final heights between obese and non-obese children. 3, 4 Longitudinal studies have allowed a better characterization of growth patterns in obese children and adolescents. 3, 4 In particular, He et al. prospectively followed more than 3000 healthy Swedish children from birth to the age of 18 years. They observed that a greater rise in BMI from the age of 2 to 8 years was associated with taller height at the age of 8 years, earlier pubertal onset and reduced height gain during adolescence, but it was unrelated to adult height. This study showed that an increase in BMI of 1 unit led to an increase in height of 0.23 cm in boys and 0.29 cm in girls between ages 2 and 8 years. In addition, an increase in BMI of 1 unit reduced pubertal height gain of 0.88 cm in boys and 0.51 cm in girls, resulting in no beneficial effect on final height. 3 Thus, although overnutrition during mid-childhood exerted a positive effect on height gain during childhood, there was no positive effect on final height, likely due to the reduced height gain during adolescence. Similar results were obtained in the longitudinal study from Denzer et al. assessing anthropometric parameters in a large sample of German obese children (n=1232) aged 6-18 years. The main study finding was that mean height standard deviation score (SDS) was higher than in normal weight peers during childhood, but there was no difference by the age of 14 years. Thereafter, height SDS tended to be lower than in the reference population for both genders. A similar pattern was detected in bone age, which was significantly accelerated during childhood and early puberty, whereas in older subjects tended to be normal or even delayed. 4 Taken together, these results underline a major role of nutrition in regulating human growth.
Growth hormone-dependent growth: the growth hormone/insulin like growth factor-1 axis in obese children
It is well known that an intact GH/IGF-1 axis represents the key regulator of somatic growth in humans. However, childhood obesity is characterized by normal or even accelerated growth in spite of abnormalities in the GH/IGF-1 axis, which are mainly characterized by reduced GH secretion with normal IGF-1 levels when compared to normal weight peers. Obese youth show a reduction in GH half-life, frequency of secretory bursts and daily production rate of GH. 12 In particular, daily GH secretion and production rate have been calculated to fall by 6% for each unit increase in BMI, and 50% for an increase from 21 to 28 kg/m 2 . 13 GH secretion is also impaired in response to all traditional stimuli acting at the hypothalamus. 14, 15 However, although GH secretion is blunted in obese children, their GH responsiveness appears to be increased compared to normal weight youth. At the peripheral level, increased GH binding protein (GHBP) values, corresponding to the extracellular domain of GH receptor, have been described in obesity. Therefore, it has been hypothesized that obese children present normal growth in spite of reduced GH secretion, probably because the combination of increased total GHBP (suggesting increased GH receptor number) and increased levels of GH-GHBP complex allow for the achievement of normal production and bioavailability of IGF-1 which, in turn, contributes to normal growth in obese children. 16 Interestingly, the abnormalities in the GH/IGF-1 axis are reversible, as shown by the significant increase in GH secretion after a period of weight loss. 17 Leptin has been hypothesized to be a potential link between obesity and impaired GH secretion. Serum leptin levels are elevated in simple obesity and in clinical conditions associated with increased body fat accumulation, 18 such as Cushing's syndrome and adult GH deficiency. [19] [20] [21] Leptin has been shown to exert a stimulating effect on GH release in fasted rodents. 22 A similar effect has been hypothesized to occur in humans. Based on these data, the coexistence of high leptin and low GH serum levels in obesity would suggest a status of leptin resistance. 14 
Growth hormone-independent growth in obese children
Somatic growth in obese children appears to be mainly GH-independent, given that GH secretion is impaired. This growth without growth hormone phenomenon may be partially due to an increased insulin action on the IGF-1 receptor, as a consequence of obesity-related insulin resistance. 23 Additionally, insulin resistance may suppress IGF-binding protein 1 and 2, leading to greater IGF-1 bioavaliability and increasing linear growth. 16 Altered sex steroid concentrations and adipokines released by the adipose tissue could play a role as well. It has been suggested that an increased adipose tissue aromatization of androgens into estrogens represents another important mechanism regulating growth in the context of obesity. 24 Leptin appears to be an additional key factor mediating increased growth in the context of obesity. 25 Animal models have shown that leptin can act as a skeletal growth factor, able to stimulate both proliferation and differentiation of chondrocytes in the growth plate (Figure 1) . 26 
Pubertal onset/progression and childhood obesity
Puberty is a period of physical and psychological maturation with long-term effects on health. Over the last decades a secular trend towards earlier puberty has occurred in association with improvements in nutrition and the increasing number of obese patients. 27 The rising problem of childhood obesity has stimulated growing interest in the relationship between body composition during childhood and the timing and tempo of puberty. In North America and Europe, the age at the onset of menarche has declined from the age of 17 years in the mid-19 th century to less than 14 years in the mid 20 th century. 28 Similar trends have also occurred in the age at onset of thelarche and pubarche in girls. [29] [30] [31] [32] There are fewer records on the mean age at pubarche and testicular volumes changes in boys, so that data are insufficient to establish recent secular trends of pubertal onset in boys. 33 Several cross-sectional studies have shown an association between increased BMI during childhood and early pubertal development in girls. [29] [30] [31] [32] Interestingly, not only childhood body size, but even early life factors might influence pubertal timing. Rapid early weight gain has been linked to elevated IGF-1 concentrations and insulin resistance, elevated adrenal androgen concentrations, exaggerated adrenarche, obesity, and consequently elevated concentrations of hormones such as leptin. It has been suggested that these factors could promote the activity of the gonadotropin-releasing hormone (GnRH) pulse generator, thereby influencing the timing of puberty. 34 In particular, Terry et al. have found that size at birth and infant weight gain from 4 months to 1 year of life are associated with earlier age at menarche in girls. 35 Other studies in this field have described similar results showing additive effects of pre-and postnatal growth on timing of menarche. [36] [37] [38] In contrast, the relevance of early life risk factors for pubertal timing in boys is unclear, mainly because of the lack of an easily identifiable pubertal marker. However, a large study following a birth cohort of 6873 children from 1997, has recently suggested that, infant weight growth may be associated with earlier pubertal onset even in boys. 39 Whereas the majority of studies have reported an anticipation of age at pubertal onset in obese girls, for boys the evidence is less clear with conflicting results. In fact, whereas most European studies have shown that obesity is associated with earlier puberty and voice break, 3, [40] [41] [42] [43] American studies have mainly reported the opposite finding of obesity being associated with delayed puberty in boys. 33, [44] [45] [46] These discordant findings are partially explained by the method of assessing puberty. A direct assessment of pubertal stage has been performed only in few studies, whereas others have been based on some surrogate markers of pubertal onset and progression, such as peak height velocity or age at voice break.
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Furthermore, for both sexes, only few longitudinal studies have evaluated the effect of pre-pubertal body composition on pubertal onset and progression. 31, [43] [44] [45] [46] The lack of longitudinal studies limits the possibility of defining the direction of the relationship between childhood obesity and pubertal maturation, in terms of which event comes first and hence influences the other. In fact, on the one hand, earlier puberty might be associated with a tendency of increasing fat deposition; whereas on the other hand, rapid weight gain might predispose to earlier puberty, but which event comes first has rarely been investigated, due to insufficient prospective studies in this field.
Potential influence of obesity on pubertal onset: possible mechanisms
The concept that childhood obesity might influence pubertal onset and progression is the dominant hypothesis. Several potential mechanisms underlying the effect of adipose tissue on pubertal onset have been recently described.
Adiposity has been proposed as a metabolic gatekeeper of central pubertal initiation, with a premature activation of the GnRH pulse generator. 24 Leptin could represent the key factor mediating the effect of adiposity on central initiation of puberty; in fact, it has been shown to exert direct effects on gonadotropin secretion. 5 In addition, peripubertal obesity has been described to reduce sex hormone binding globulin (SHBG) levels, which in turn increase the bioavailability of sex steroids including estradiol. 32, 47 Some studies suggest that at least in girls, an obesity-related estrogenization without true advancement of central (gonadotropindependent) puberty could occur. This hypothesis is supported by the observation that a high expression of aromatase in the adipose tissue is associated with estrogens production from adrenal androgen precursors. 48, 49 Finally, the status of hyperinsulinemia/insulin resistance associated with obesity might promote the onset and progression of puberty. Hyperinsulinemia might facilitate pubertal weight gain and growth as well as increase luteinizing hormone (LH)-stimulated ovarian and adrenal steroidogenesis. 50, 51 Increased androgen levels can, in turn, promote pubertal development acting peripherally and/or centrally on the hypothalamic pituitary axis. 24 It has been supposed that increased androgen concentrations in pre-pubertal girls could facilitate pubertal increase of GnRH secretion, possibly leading to early pubertal onset (Figure 2 ). 52
Hyperandrogenism in obese girls and associated risks
Peripubertal obesity in girls has been associated with hyperandrogenism. It has been found that, obese pre-puberal and pubertal girls presented higher testosterone levels, 4-and 1.75-fold higher respectively, compared to their normal weight peers. Interestingly, these abnormalities appear to be reversible with weight loss. In the same group of children, it was shown a significant decrease in SHBG levels of 26% and 44% respectively, thus suggesting an increased bioavailability of androgen levels in obese girls. 53 This might be related to hyperinsulinemia, which has been proven to raise serum testosterone levels in animal models, or to increased LH levels in obese children. 47, 54 In fact, obesity has been associated with low overnight LH pulse frequency in prepubertal and early pubertal girls, whereas by Tanner stage 3 to 5, LH frequency is abnormally elevated in obese girls, possibly reflecting the effects of hyperandrogenism. 55 Hyperandrogenism can be asymptomatic prior or during early puberty; whereas clinical manifestations can appear during early adolescence. The principal endocrine consequence of hyperandrogenism is an increased risk of developing polycystic ovary syndrome (PCOS). 56 Few longitudinal studies have been performed to assess the contributing role of hyperandrogenism to the development of PCOS, but it has been shown that the prevalence of adolescents with PCOS has extensively increased in parallel with that of adolescent obesity. 57 
Conclusions
Childhood obesity is related not only to wellknown cardiovascular and metabolic complications, but also to alterations in growth and pubertal patterns. Obese children show accelerated linear growth during pre-puberty, possibly due to early estrogenization and the action of insulin on the IGF-1 receptor. Subsequently, they show a trend toward a reduction of percentile for height in parallel with pubertal maturation, suggesting that pubertal growth spurt in obese children is at least less pronounced than in lean subjects, leading to similar final heights. Childhood obesity is even associated with early signs of puberty in girls and with either early or delayed puberty in boys. In addition, obese girls might experience hyperandrogenism due to increased total testosterone production and reduced SHBG, which represents a risk factor for the development of PCOS.
Overall, these data underline a further reason for fighting the epidemics of childhood obesity, that is preventing abnormal growth Potential mechanisms leading to abnormal growth and pubertal patterns have been hypothesized, but many unanswered questions remain. For this reason, further studies should be performed in order to develop better screening tools for obesity-related complications and to allow the characterization of preventive treatments, beyond the achievement of normal weight.
